A receptor that mediates osteoprotegerin ligand (OPGL)-induced osteoclast differentiation and activation has been identified via genomic analysis of a primary osteoclast precursor cell cDNA library and is identical to the tumor necrosis factor receptor (TNFR) family member RANK. The RANK mRNA was highly expressed by isolated bone marrow-derived osteoclast progenitors and by mature osteoclasts in vivo. Recombinant OPGL binds specifically to RANK expressed by transfected cell lines and purified osteoclast progenitors. Transgenic mice expressing a soluble RANK-Fc fusion protein have severe osteopetrosis because of a reduction in osteoclasts, similar to OPG transgenic mice. Recombinant RANK-Fc binds with high affinity to OPGL in vitro and blocks osteoclast differentiation and activation in vitro and in vivo. Furthermore, polyclonal Ab against the RANK extracellular domain promotes osteoclastogenesis in bone marrow cultures suggesting that RANK activation mediates the effects of OPGL on the osteoclast pathway. These data indicate that OPGL-induced osteoclastogenesis is directly mediated through RANK on osteoclast precursor cells.
Bone morphogenesis, remodeling, and resorption are controlled in part by osteoclasts. These cells arise from hematopoietic precursors by physiologically controlled processes that involve growth factors, cytokines, peptide, and steroid hormone interactions with their receptors (1, 2) . Osteoclast differentiation and activation is now known to be positively and negatively controlled by members of the tumor necrosis factor (TNF) and TNF receptor (TNFR) superfamilies of proteins. Osteoprotegerin (OPG), a secreted TNFR-related protein, negatively regulates osteoclast differentiation in vitro and in vivo (3, 4) , is required for the maintenance of bone density (5, 6) , and blocks pathophysiological induction of bone resorption in rodent disease models (7) . OPG exerts its effects by binding to, and sequestering, OPG ligand (OPGL), a potent inducer of osteoclast differentiation and activation (8) (9) (10) . OPGL binds to hematopoietic precursors that correspond to osteoclast progenitor cells and induces changes in patterns of preosteoclast gene expression that manifests osteoclast differentiation and culminates in the production of mature, bone resorbing osteoclasts. In mice, the formation of mature osteoclasts is absolutely dependent on OPGL (11) , indicating that it, in addition to colony-stimulating factor 1 (CSF-1)͞macrophage colony-stimulating factor (12) , is a critical differentiation factor that specifies the osteoclast maturation program, and hence induction of bone resorption.
The precise mechanism of OPGL activity is still unclear but is presumably caused by binding a cell surface receptor(s) that initiates a signal transduction cascade. In appropriate precursors, this cascade culminates in osteoclast differentiation and͞or activation (8, 9) . OPGL has also been described as the ligand for the TNFR-related protein receptor activator of NFB (RANK) (13) . RANK(TNFRSF11B) was identified as a dendritic cell protein implicated in immune responses (13) . Its role in OPGL-mediated osteoclastogenesis remains to be determined.
We took the genomic approach to examine genes expressed in murine osteoclast precursors. In this report, we describe the identification and characterization of the osteoclast differentiation and activation receptor that is present on normal mouse osteoclast progenitors and which mediates OPGL-induced osteoclast differentiation and activation. The identified receptor is indeed identical to the previously reported TNFR family member RANK. Like several known TNFR family members, the signaling pathway of RANK involves the interaction with cytoplasmic TNFR-associated factor (TRAF) proteins. Cumulatively, our findings reveal that OPGL-RANK-OPG comprise key regulatory proteins that govern osteoclast development, and implicate TRAF family members and͞or Jun Nterminal kinase (JNK) as potential osteoclastogenic signal transducers.
facturer's suggestion (Pharmacia Biotech). The RANK(31-211)-conjugated Sepharose column was then used to affinity purify anti-RANK-specific Abs from rabbit immune serum.
Generation and Pathological Analysis of RANK Transgenic Mice. A DNA fragment coding for the RANK-Fc fusion protein was excised from the RANK-Fc͞pCEP4 vector and cloned into an expression vector under the control of the human ApoE promoter and liver-specific enhancer element (4) . RANK transgenic mice were generated, and analyzed as described (4) .
Analysis of Recombinant RANK-Fc Protein. Young rapidly growing male BDF1 mice aged 3-4 weeks received varying doses of RANK-Fc fusion protein by single, daily subcutaneous injections in carrier [PBS containing 0.1% BSA (wt͞vol)] for 4 days. Administration of carrier alone served as the control. After sacrifice, the right tibia of treated mice were removed and fixed in 70% ethanol, and the bone density in the proximal tibial metaphysis was analyzed by radiography or peripheral quantitative computerized tomography (PQCT) (Stratec, Pforzheim, Germany). Total bone mineral density was defined as the average of the bone mineral content (mg͞bone area cm 3 ) for two cross-sectional images of the tibia at 1.5 mm and 2.0 mm distal to the proximal articular surface. These data were analyzed by ANOVA JMP. In vitro osteoclastforming assay was performed as described (4, 8) .
Transfection, Immunoprecipitation and Cross-Linking. NF-B reporter assay and coimmunoprecipitation assay were performed as described (21) . For the JNK kinase assay, HA-JNK or endogenous JNK was first immunoprecipitated with anti-HA (Babco) or anti-JNK mAb (PharMingen). The kinase activity was then determined by using 2 g of GST-JUN as substrate according to the manufacturer's recommendations (Stratagene). For cross-linking experiment, Ϸ4 ϫ 10 6 cells obtained from the FITC-OPGL sorting were incubated with 10 nM 125 I-labeled OPGL on ice for 1 hr. Cells were then washed with 10 ml PBS twice and resuspended in 500 l PBS supplemented with 1 mM disuccinimidyl tartrate. After a 30-min incubation in ice, cross-linking reactions were stopped by addition of Tris⅐HCl to a final concentration of 20 mM. After washing with PBS, cells were lysed with 500 l RIPA buffer, and subsequent immunoprecipitation was performed as described (21) .
RESULTS
RANK Mediates OPGL-Induced Osteoclastogenesis. We have previously shown that OPGL binds to the surface of the osteoclast precursor population from mouse bone marrow, and that the positively sorted cells readily differentiated into osteoclasts (8) . To search for the OPGL receptor on osteoclast precursor cells, the nonadherent fraction of mouse bone marrow cells cultured in the presence of CSF-1 and OPGL for 24 hr were stained and sorted with FITC-OPGL. About 10% of the nonadherent population from these conditions were labeled with FITC-OPGL. About 1 ϫ 10 8 FITC-OPGL binding cells were used to construct a cDNA library for random expressed sequence tag (EST) analysis (4) . Among the first 400 EST sequences obtained, one appeared to encode the amino terminus of RANK, a TNFR-related protein involved in activation of NF-B (13). The RANK DNA fragment was used as probe in the Northern blot analysis of RNA from the positive and negative FITC-OPGL cells. RANK mRNA was highly expressed in the FITC-OPGL binding cells, but not the negative binding population (Fig. 1A) . This expression pattern suggested that RANK might represent a candidate osteoclast differentiation and activation receptor.
To determine whether OPGL binds RANK present on osteoclast progenitor cells, cross-linking studies were performed with 125 I-labeled OPGL and FITC-OPGL positive and negative cells. Analysis of the cell lysates by SDS͞PAGE indicates that OPGL binds to a protein from the FITC-OPGL(ϩ) cell pool and migrates in a complex with a molecular weight of Ϸ150 kDa (Fig. 1B) . This protein was not detected in the FITC-OPGL(Ϫ) pool, nor were any other labeled proteins identified. Immunoprecipitates of the 125 Ilabeled OPGL cross-linked cells using anti-RANK Abs showed the same labeled complex from the FITC-OPGL(ϩ) sorted cells. These data indicate that OPGL recognizes RANK expressed on osteoclast precursors. Thus, RANK is the likely candidate for mediating OPGL signaling in osteoclast progenitors.
Definitive proof that RANK is an essential mediator of OPGL in the induction of osteoclastogenesis came from experiments where the effects of Abs specific for the RANK extracellular domain were examined on the in vitro osteoclast formation assay. Various concentrations of affinity-purified polyclonal anti-RANK Abs were added to mouse bone marrow cultures containing CSF-1 with and without OPGL (5 ng͞ml), and following 5 days the cultures were evaluated for tartrateresistant acid phosphatase (TRAP) expression by using both the TRAP solution assay and cytochemistry. The anti-RANK Abs alone stimulated osteoclast differentiation in a dosedependent manner with an EC 50 of Ϸ1 g͞ml (Fig. 1C) . No induction was observed with the control rabbit IgG. The combination of both OPGL and anti-RANK did not result in an increased level of osteoclastogenesis, suggesting that both proteins acted as agonists that were maximally stimulating the same pathway. The agonist activity of RANK Ab provides direct evidence that OPGL exerts its activity on osteoclast precursor cells via RANK.
RANK Expression by Osteoclasts. In situ hybridization of embryonic and adult mouse bone was performed by using a 33 P-labeled RANK riboprobe. In the long bones of the developing embryo, RANK-expressing cells were located in the diaphysis at the interface of the embryonic marrow cavity and developing growth plate ( Fig. 2 A and B) . The grain density is highest over multinucleated cells, with a morphology and location (on bone and cartilage in the primary spongiosa) consistent with osteoclasts ( Fig. 2 C-E) . In the adult, RANKexpressing cells with an osteoclast morphology (see arrows in Fig. 2 H and I) were located along both the metaphyseal side of the growth plate in the primary spongiosa (Fig. 2H ) and the periosteal surface of the metaphysis (Fig. 2I) . These are areas of intense resorptive activity by osteoclasts and the region where the in situ signal for OPGL was most obvious (8) . In addition, it appears that a somewhat lower level of RANK message is expressed by hypertrophic chondrocytes (see arrowheads, Fig. 2H ). In situ hybridization by using riboprobes for cathepsin K, TRAP, and ␤3 demonstrate a similar expression pattern, except for ␤3, which is also detectable in megakaryocytes (data not shown). These data indicate that RANK expression in bone is highest in osteoclasts within regions of active bone resorption, with some expression by maturing chondrocytes. The latter finding suggests a potential role of RANK and OPGL in growth plate physiology in addition to their role in bone modeling and remodeling.
Soluble RANK Transgenic Mice Present an Osteopetrotic Phenotype. To gain further insights into the biological function for RANK, transgenic mice were generated that expressed entire extracellular domain of RANK fused with human IgG-␥1 driven by the apolipoprotein E gene promoter (hepatic expression), a model system that initially revealed the skeletal activity of OPG (4) . Founder mice harboring the RANK-Fc transgene were identified by PCR analysis of genomic DNA samples (data not shown). The relative level of RANK-Fc fusion protein expression in liver extracts from mice 10 weeks of age was determined by Western blot analysis with anti-RANK Ab. The high and low RANK-Fc expressors along with their normal littermates were subjected to systemic pathology analysis.
The RANK-Fc-expressing transgenic mice were of normal size and activity with erupted incisors. As with the OPG transgenics, the RANK-Fc expressing animals had increased radiodensity of all bones including the long bones, pelvic girdle, and vertebrae compared with control littermates (Fig.  3A, Left) . The bones of the expressors were also of normal size and shape. Histologically, the bone marrow of the expressors had increased amounts of nonresorbed primary spongiosa, consisting of both bone and cartilage (Fig. 3A, Middle) . The amount of space for bone marrow was markedly reduced in these animals leading to a compensatory splenomegaly because of extramedullary hematopoiesis. Histochemical stains for the osteoclast enzyme TRAP revealed a decreased number of osteoclasts in the transgenic mice. In the high expressors, osteoclasts were also reduced in size and detached from the trabecular bone surface (Fig. 3A, Right) . No changes were observed in other organs or organ systems, including lymph node, thymus, and intestine. In sum, the osteopetrotic phenotype of the RANK-Fc transgenic mice highly resembled those of the OPG transgenic mice (4).
The osteopetrotic transgenic phenotype was confirmed by direct administration of soluble recombinant RANK-Fc fusion protein. Young, rapidly growing male BDF1 mice were treated by subcutaneous injections with doses of soluble recombinant RANK-Fc fusion protein ranging from 0.5 to 5 mg͞kg for 4 days. Radiographs of the proximal tibia demonstrated an obvious accumulation of radiodense material beneath the growth plate (data not shown). The density of the proximal tibial metaphysis was measured by PQCT. The results indicate that RANK-Fc treatments resulted in a dose-dependent increase in total bone density as compared with the control group (Fig. 3B ) with significant effects seen at 1.5 and 5 mg͞kg. The effects of these two highest doses were comparable to the effects of OPG (5 mg͞kg), which served as a positive control. These data clearly support a major role for RANK in mediating osteoclast differentiation and activation signaling.
RANK Signals Through TRAF Proteins. OPGL is presumed to act as a potent cytokine that induces osteoclast differentiation and activation by inducing receptor-mediated intracellular signal transduction. Darnay et al. (14) and Wong et al. (22) have recently reported that, like some other TNFR family members, the intracellular domain of RANK is able to bind directly with TRAF2, TRAF5, and TRAF6. To identify authentic signaling molecules that RANK utilizes to initiate osteoclastogenesis, a yeast two-hybrid library was generated from primary mouse osteoclast precursor cells purified by FITC-OPGL sorting. The whole intracellular domain of RANK was used as bait in the yeast two-hybrid screen. From Ϸ20 million transformants, 200 positive clones were recovered as determined by activation of the his reporter gene. Of these (1999) clones, the majority encoded TRAF2, and the rest of the positives encoded TRAF5 or TRAF6. Apart from the TRAF proteins, we failed to identify other proteins that interacted specifically with RANK in this two-hybrid screen.
To localize the TRAF interaction region within RANK, a series of deletion mutants within the RANK intracellular domain were fused to the GAL4 DNA-binding domain and tested for their interaction with TRAF proteins in the yeast two-hybrid binding assays. Our deletion analysis demonstrated that the TRAF6-binding domain of RANK is located in a region that is physically separated from the TRAF2͞TRAF5-binding domain (Fig. 4A) . The TRAF6-binding domain of RANK resides between amino acid residues 336 and 454, whereas the TRAF2͞TRAF5-binding domain locate at the C terminus of RANK (Fig. 4A) .
The yeast two-hybrid mapping of RANK-TRAF interactions was confirmed by using coimmunoprecipitation assays in a mammalian cell system. Expression plasmids that direct the synthesis of full-length or C-terminal deletion mutants of RANK were cotransfected with TRAF2 or TRAF6 expression vectors into human embryonic kidney 293 cells. Both TRAF2 and TRAF6 were coimmunoprecipitated with wild-type RANK by anti-RANK polyclonal Ab but not by pre-immune serum. Anti-RANK immunoprecipitates of C-terminal RANK deletion mutants (⌬548 -625 and ⌬453-625) contained TRAF6 but not TRAF2 (Fig. 4B) . Further C-terminal deletion (⌬336-625) abolished RANK binding with TRAF6 (Fig. 4B) . Thus, the associations between RANK and TRAF proteins in mammalian cells directly correlate with our yeast two-hybrid interaction mapping results described above.
Like other TRAF-interacting TNFR family members, RANK may also mediate NF-B and JNK activation. To test this possibility, we examined whether RANK overexpression in 293 cells could induce these two pathways. An NF-Bdependent luciferase reporter was transfected into 293 cells. Cotransfection with the RANK expression vector potently induced luciferase activity (Fig. 4C) . The RANK C-terminal deletion mutants were also examined for their NF-B activation activities. The TRAF6-binding mutants (⌬548-625 and ⌬453-625) were active, whereas the noninteracting mutant (⌬336-625) was inactive (Fig. 4C) , suggesting a correlation between TRAF6-interaction and NF-B activation. To examine JNK activation, a HA-tagged JNK expression plasmid was cotransfected with vector or RANK expression plasmid into 293 cells. The kinase activity of JNK from cell lysates was determined by immunoprecipitation with mAb against the HA epitope followed by an in vitro kinase assay. RANK overexpression strongly activated JNK kinase activity (Fig. 4D) . Similarly, the JNK activation of RANK C-terminal deletion mutants also correlated with their TRAF6-binding activities Immunoprecipitates were assayed for kinase activity by using 2 g GST-JUN (Stratagene) as substrate, and resolved by SDS͞PAGE. (Fig. 4D) . Considering the available genetic evidence indicating a role for both NF-B and Fos͞AP-1 (via JNK) during osteoclast development in mouse, these data implicate a role for TRAF6 binding to the cytoplasmic region RANK (residues 336-454) during the induction of osteoclastogenesis. The importance of the TRAF2 and TRAF5 signaling pathways during osteoclastogenesis are unknown.
Induction of Osteoclast-Specific Gene Expression in RANK-Expressing Cell Line. The in vitro study of osteoclastogenesis has historically relied on the use of nontransformed hematopoietic progenitors, usually from the spleen, bone marrow, or peripheral blood. Because RANK expression identifies osteoclast progenitors in bone marrow (Fig. 1) (8) , we screened a number of transformed myeloid cell lines for RANK mRNA expression to identify cell lines with osteoclastogenic potential. As shown in Fig. 5A , the RAW 264.7 cell line was found to express high levels of RANK mRNA. Treatment of RAW cells with murine OPGL readily stimulated cell differentiation into osteoclast-like TRAP positive cells (Fig. 5C, Upper Right) . Functionally, the osteoclasts readily formed resorption lacunae on bone slices, a critical test for evaluating the osteoclast phenotype of large multinucleated, TRAP positive cells (Fig. 5C, Lower Right) . RAW cells that were differentiated into osteoclasts in the presence of OPGL express genes typical of the osteoclast lineage including TRAP, cathepsin K, ␤3, c-src, and calcitonin receptor (Fig.  5D) . To determine whether RANK mediates osteoclastogenesis in RAW cells as it does in primary osteoclast precursors, cultures were also treated with anti-RANK agonistic Abs. Anti-RANK treatment of RAW cell cultures results in the induction of the same pattern of osteoclast-related genes seen following OPGL treatment (5C, lane 2 vs. lane 3). These data further support the role of RANK signaling during osteoclastogenesis, and they reveal the osteoclastogenic potential of this murine myelomonocytic cell line.
We also examined whether OPGL induced JNK and͞or NF-B activation in RAW cells. RAW cells were induced with OPGL for various lengths of time. Endogenous JNK was immunoprecipitated with an JNK-specific mAb, and its kinase activity was determined by immune complex kinase assay. Activation of JNK was readily detectable after 5 min of OPGL exposure, and rapidly decreased after 30-min treatment (Fig.  5B) . NF-B activation was not detectable in OPGL-treated RAW cells, as determined by gel shift analysis (data not shown). These data, taken together, strongly suggested Jun kinase as potential important osteoclastogenic signal transducers.
DISCUSSION
The approach used to identify an osteoclast receptor for OPGL described here took into consideration what was known about the biology of OPG (3, 4) and OPGL (8, 9) and focused on the discovery of proteins expressed by osteoclast precursors that were implicated in regulating osteoclastogenesis. We purified a population of primary mouse hematopoietic precursors based on their ability to bind a fluorescent version of OPGL, and prepared cDNA libraries for random expressed sequence tag sequencing and bio-informatic analysis. One of the proteins readily identified by this process was a TNFRrelated protein and was identical to the previously reported dendritic cell protein RANK (13) .
RANK mRNA was found to be exclusively expressed in osteoclast progenitors within the bone marrow cells sorted by OPGL binding, consistent with the idea that it is a candidate OGPL receptor. In vitro binding assays using soluble murine OPGL(158-316) and soluble RANK-Fc indicate that they interact with a K d of Ϸ3 ϫ 10 Ϫ9 M (M.J.K. and D. Powers, unpublished data). In addition, radiolabeled OPGL binds only to OPGL-sorted osteoclast precursors in bone marrow, and analysis of the protein it binds reveals that it is the RANK polypeptide. Furthermore, soluble RANK blocks osteoclast differentiation and activation in vitro (data not shown) and in vivo, indicating that a major physiological pathway antagonized by soluble RANK is mediated by the osteoclast. Finally, Ab specific for the RANK extracellular domain has agonistic properties, and they induce osteoclast differentiation and activation of osteoclast-specific gene expression. These data indicate that ligation of RANK on osteoclast precursors is sufficient for induction of osteoclastogenesis and for initiation of bone resorption. It is now clear that in the mouse, the development and activation of osteoclasts are governed by OPGL-RANK-OPG. Based on both the loss and gain of OPG function previously shown in mouse (4, 5), we conclude that the level of OPG expression in mouse directly correlates to the level of bone mass. Recently, it has been shown that expression of the OPG gene is regulated by estrogen, a critical hormone that controls diverse physiological processes including the maintenance of bone mass (20) . In addition, OPGL gene expression has been shown to be induced by parathyroid hormone and vitamin D3, hormones that are known to induce osteoclast function and increase bone resorption (9) . Thus, regulation of both OPG and OPGL levels are directly implicated as the end effectors of circulating hormones and cytokines involved in the physiological and pathological regulation of bone density via the osteoclast. At the level of the osteoclast, the diverse humoral signaling regulating bone density ultimately regulates the activation of RANK on the osteoclast͞osteoclast precursor cell surface, and the precise signal transduction pathways that emanate from this receptor will define the key intracellular processes that control osteoclastogenesis.
